1. Introduction {#sec1}
===============

A recent trend in the development of new medications and antiaging agents is to find candidates among natural products because they have relatively low toxicities in clinical applications. As a traditional herb, red ginseng is an adaptogen that restores and improves normal well-aging. The use of this herbal plant has been widely because of its therapeutic effects. Its well-known biochemical and pharmacological effects include anticancer [@bib1], antifatigue [@bib2], and antidiabetic effects [@bib3], although it also promotes the synthesis of DNA, RNA, and proteins [@bib4]. Recently, many health reports have recommended an increase in fruit intake as part of a healthy diet [@bib5], [@bib6]. Unlike the widely used ginseng root, the ginseng berry is reserved for use in planting and has not been utilized by the general population. A recent study reported that the ginseng leaf and berry have higher levels of certain ginsenosides than the ginseng root, and their pharmacological activities have also been reported [@bib7]. Currently, ginseng berry extract is being evaluated in clinical and preclinical trials because it has high levels of active compounds, especially ginsenoside Re and vitamin E [@bib8].

The class O forkhead/winged helix transcription factor (FoxO) is a critical regulation factor of various biological events, including metabolism, growth, development, and longevity [@bib9], [@bib10]. FoxO factors are involved in cellular signaling and are activated by various environmental stimuli, such as insulin, insulin growth factors (IGFs), oxidative stress, cytokines, and nutrients. In particular, oxidative stress inhibits or activates FoxO factors in a context-dependent manner. For instance, hydrogen peroxide inhibits FoxO activity by activating the phosphoinositide 3 kinase protein B pathway by affecting insulin-mimetic effects [@bib11], whereas reactive oxygen species (ROS)-activated macrophage-stimulating 1, mitogen-activated protein kinase, and c-Jun N-terminal kinase activate the FoxO protein via phosphorylation and breakage of binding to the 14-3-3 protein [@bib12], [@bib13]. In the skin, FoxO3a downregulation promotes cellular senescence in human dermal fibroblasts [@bib14]. In addition, FoxO3a regulates protection against UV-B radiation, and its nuclear translocation is also regulated by UV irradiation [@bib15], [@bib16]. These studies suggest that FoxO3a has an important role in cellular responses in the skin induced by external stimulation. As a photo-protector for skin, melanin is produced by serial oxidation processes in which tyrosine is converted to eumelanin and pheomelanin. Melanogenesis is one of the processes in skin aging and involves a series of tightly regulated oxidation steps. Recently, we showed that FoxO3a is an antimelanogenic factor that mediates antioxidant-induced depigmentation [@bib17]. Antioxidants, such as vitamin C, *N*-acetylcysteine, and trolox, decreased melanin levels in parallel with FoxO3a nuclear translocation, and this effect disappeared in the FoxO3a null condition. Because FoxO3a orchestrates the expression of numerous genes in order to regulate cellular phenotypes in a variety of environmental states and it is a regulator involved in melanogenesis regulation, FoxO3a also modulates an antiaging signaling pathway.

The purpose of this study is to discover FoxO3a-activating compounds originating from oriental medicinal plants and to provide scientific evidence of the antimelanogenic and antiaging effects of the activators. We hypothesized that ginseng berry extract and its component syringaresinol could be novel antimelanogenic and antiaging agents, and we reveal a possible molecular mechanism for their effects. We showed that ginseng berry extract decreases melanin accumulation as well as ginseng root extract, and this effect is mainly derived from its active component syringaresinol. As ginseng root extract, ginseng berry extract, and syringaresinol exhibited antioxidative activities, we next investigated their relationship with antiaging gene protein FoxO3a. These ginseng components induced the nuclear translocation of FoxO3a, which resulted in the activation of antiaging genes. To confirm the antiaging effects of ginseng components, we determined the survival curves of the aging model organism *Caenorhabditis elegans* when treated with the components. We showed that these ginseng components extended the life span of the wild type N2 strain. Furthermore, syringaresinol treatment decreased the accumulation of the age-related pigment lipofuscin in human dermal fibroblasts.

2. Materials and methods {#sec2}
========================

2.1. Cell culture and *C. elegans* strain {#sec2.1}
-----------------------------------------

Highly pigmented human melanoma, MNT1 cells were maintained and passaged in Minimum Essential Media (Gibco, Carlsbad, CA, USA) containing 10% Dulbecco\'s modified Eagle\'s medium (DMEM), 20% fetal bovine serum, 20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma Aldrich, St. Louis, USA), 100 U/mL penicillin G, and 100 μg/mL streptomycin sulfate. MNT1 cells were incubated at 37°C with 5% carbon dioxide (CO~2~) and regularly passaged at a density of 80% (1:8 ratio).

Dermal fibroblasts from adult skin were purchased from Lonza (Walkersville, MD, USA) and maintained in DMEM supplemented with 1% penicillin/streptomycin and 10% heat-inactivated fetal bovine serum (FBS). The cells were cultured and regularly passaged at a density of 90% confluent.

The *C. elegans* N2 wild-type strain was obtained by the *Caenorhabditis* Genetic Center (University of Minnesota, Minneapolis, MN, USA). The *C. elegans* strains were maintained at 20°C. Age-synchronous populations were prepared as previously mentioned [@bib18]. Hatched worms (L1-stage larvae) were seeded to fresh agar plates and cultured at 20°C with *Escherichia coli* OP50 as a food source until they reached the L4 larval stage.

2.2. *Panax ginseng* and ginseng berry extract preparation {#sec2.2}
----------------------------------------------------------

After fresh *P. ginseng* and ginseng berry was water-washed, the seeds were removed and the remainder (pulp and rinds) was collected. After 70% ethanol extraction under reflux condition for 10 h, extract was filtered and evaporated. Then, the extract solution was lyophilized to acquire a powder state of ginseng berry extract and stored at −20°C until use. For standardization and comparison of ginsenoside composition, the chromatographic separation was performed using ACQUITY UPLC system (Waters Co., Milford, MA, USA). The column was ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 mm × 50 mm). The column temperature and autosampler tray temperature were maintained at 40°C and 10°C, respectively. The data were obtained and analyzed with MassLynx version 4.1 (Waters Co.).

2.3. Determination of melanin levels and tyrosinase enzymatic activity assay {#sec2.3}
----------------------------------------------------------------------------

To measure cellular tyrosinase activity, the same amounts of cell lysates (10 μg) were incubated with 10mM L-dihydroxyphenylalanine (L-DOPA; pH 6.8; Sigma) at 37°C for 1 h. The amount of melanin calculated from L-DOPA via the tyrosinase activity in the cell extracts was measured using a UV--Vis spectrometer (Molecular Devices, Sunnyvale, CA, USA) at 490 nm. To determine the cellular melanin levels, the cell pellets were dissolved in 50 μL of 1N sodium hydroxide, and the melanin levels were determined by measuring the absorbance at 490 nm. The melanin levels were normalized to the protein input of samples.

2.4. Antioxidant activity assay {#sec2.4}
-------------------------------

The catalase activity was determined from the amount of the residual H~2~O~2~ as measured by a spectrophotometric method [@bib19]. Briefly, 800 μL of 25μM H~2~O~2~ and 200 μL of a sample solution in water that contained ginseng root extract, ginseng berry extract, or syringaresinol were added to initiate the quenching reaction. After 5 min incubation, the concentration of H~2~O~2~ was measured at 240 nm. Water was used as a vehicle control, and the residual H~2~O~2~ is represented as a percentage of the control.

The DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity was calculated from the residual DPPH concentration, as estimated by a spectrophotometric method [@bib20], [@bib21]. In brief, 500 μL of 60μM DPPH was placed in a quartz cuvette, and same volume of a sample solution in ethanol that contained ginseng root extract, ginseng berry extract, or syringaresinol were added to initiate the DPPH quenching. The quenching reaction was performed for 30 min incubation at room temperature (RT) and absorbance at 520 nm was measured using a spectrometer. The residual DPPH is expressed as a percentage of the control and ethanol was used as a vehicle control.

2.5. FoxO3a localization assay using immunofluorescence {#sec2.5}
-------------------------------------------------------

MNT1 cells were treated with each reagent \[ginseng root extract (GR), ginseng berry extract (GB), and syringaresinol (SYR)\] for 4 d. The cells were washed with PBS, fixed in 4% paraformaldehyde for 30 min, and incubated in 0.1% Triton X-100 (Sigma Aldrich, St. Louis, USA) for 10 min. Then, the cells were incubated with antiFoxO3a (1:200) antibody diluted in Hank\'s solution (0.44mM KH~2~PO~4~, 5.37mM KCl, 0.34mM Na~2~HPO~4~, 136.89mM NaCl, and 5.55mM D-glucose) overnight at 4°C. Secondary antibodies (Alexa Fluor 555-conjugated goat antirabbit, Invitrogen, Carlsbad, CA) were added for 1 h at room temperature. After washing process, the coverslips were mounted onto glass slides and visualized with a confocal laser scanning microscope (LSM7, Carl Zeiss, NY, USA; with an excitation wavelength at 555 nm and an emission wavelength at 565 nm with DAPI fluorescence). Cells with FoxO3a localization were counted and represented by the means of a confocal laser scanning microscope with the ZEN software (Carl Zeiss).

2.6. Lifespan analysis {#sec2.6}
----------------------

L4 larvae were moved to S-medium \[S-basal medium supplemented with 3mM CaCl~2~, 3mM MgSO~4~, 50μM EDTA, 25μM FeSO~4~, 10μM MnCl~2~, 1μM CuSO~4~, 10μM ZnSO~4~, and 10mM KH~2~PO~4~ (pH 6.0)\] with OP50. Then each reagent was added to the medium. This transfer day was designated as "age of 0 d." We transferred the worms to fresh culture medium every 2nd d and their survival were recorded at the time of transfer. The worms that removed from vulval bursting were excluded from the analysis. Life span assays were repeated more than three times.

2.7. Lipofuscin accumulation {#sec2.7}
----------------------------

Dermal fibroblasts from adult skin were cultured with each reagent (GR, GB, and SYR) for 10 passages (3--4 d per 1 passage), washed with PBS, and fixed in 4% paraformaldehyde for 30 min. The cells were then washed and incubated in 0.1% Triton X-100 for 10 min. After washing, the cover slips were mounted onto glass slides and visualized by a confocal laser scanning microscope (LSM7, Carl Zeiss; with an excitation wavelength at 350 nm and an emission wavelength at 420 nm). The fluorescence intensities of the cells were measured densitometrically with the ZEN Lite software (Carl Zeiss) by calculating the average pixel intensity in each cell. The significance of the differences among the control and experimental groups were analyzed using a one-way analysis of variance (ANOVA).

2.8. Statistical analysis {#sec2.8}
-------------------------

For the lifespan assay, the mortality data were subjected to a Kaplan--Meier survival analysis to depict survival curves. A statistical comparison of the mean lifespan values among the control and treated worms were analyzed using Peto\'s log-rank test. Each experiment was performed in triplicate and analyzed by SPSS statistics standard version 21 (IBM Inc., Armonk, NY, USA). All statistical tests were two-sided, and the threshold for statistical significance was 0.05 (\* *p* \< 0.05).

3. Results and discussion {#sec3}
=========================

3.1. Ginseng berry and its bioactive component syringaresinol have antimelanogenesis activity {#sec3.1}
---------------------------------------------------------------------------------------------

Recently, many studies have endorsed an increase in fruit intake as part of a healthy supplementation [@bib22]. Berries are a good source of potassium or fiber, and recent reports have shown that berry fruits contain many phytochemicals that have a broad spectrum of bioactivities and a positive impact on public health [@bib23], [@bib24]. A recent study reported that the ginseng leaf and berry have higher levels of certain ginsenosides than the ginseng root, and their pharmacological activities have also been reported [@bib7].

To find natural compounds from ginseng extracts with antimelanogenesis effects, we performed a melanin accumulation assay using human melanoma cells, the MNT1 cell line, and ginseng root and ginseng berry extracts. From the results of this assay, it was found that the ginseng berry extract and the ginseng root extract inhibited melanin accumulation without toxicity ([Figs. 1](#fig1){ref-type="fig"}A, 1B). Melanogenesis is initiated by a tyrosinase-catalyzed oxidation process [@bib25]. As a result, the ginseng berry extract inhibited melanin accumulation as well as intracellular tyrosinase activity more than the same concentration of ginseng root extract ([Figs. 1](#fig1){ref-type="fig"}A--1C). There are several studies that have indicated that the ginseng berry has higher levels of ginsenoside content than the root [@bib23]. Additionally, the ginseng berry not only exhibits ginseng root-like effects, but also has many other specific biological activities [@bib26]. Due to its numerous potent biological activities, there have been many efforts to discover other useful components in the ginseng berry besides ginsenosides. Recently, a lignan compound, syringaresinol {4,4′-(1S,3aR,4S,6aR)-tettrahydro-1H,3H-furo \[3,4-c\]furan-a,4-diylbis(2,6-dimethoxyphenol)}, was isolated from *Panax ginseng* pulp and found to activate SIRT1 gene expression, leading to delayed cellular senescence and improved endothelial cellular function in endothelial cells [@bib27]. As syringaresinol has protective effects against hypoxia/reoxygenation-induced injury [@bib28], which closely correlates with oxidative stress, we speculate that the potent antimelanogenic effects of ginseng berry may be due to its bioactive component syringaresinol.Fig. 1Ginseng root and ginseng berry extracts inhibit melanin accumulation by lowering tyrosinase activity. (A) MNT1 cells were treated with the ginseng root extract or the ginseng berry extract for 48 h, and the melanin levels were visualized after dissolving the cell pellets in 1N NaOH. (B) The melanin levels were quantified in the dissolved cell pellets by measuring the absorbance at 490 nm with a UV-vis spectrometer (Molecular Devices, Sunnyvale, CA, USA) and normalized to the protein input. (C) The tyrosinase activity was measured at 490 nm using a UV-vis spectrometer with melanin synthesized from L-dihydroxyphenylalanine (L-DOPA) by the tyrosinase present in the equal amounts of cell lysates (10 μg). Data are presented as mean ± standard deviation. \* *p* \< 0.05 by two--tailed Student *t* test.

To verify that syringaresinol is the main factor in melanogenesis inhibition, we measured the ginsenoside and syringaresinol content in ginseng root and ginseng berry extracts using an HPLC method [@bib29]. Syringaresinol was only found in the ginseng berry extract ([Fig. 2](#fig2){ref-type="fig"}A). Additionally, we performed a melanin assay with ginseng contents, including syringaresinol. As a result, melanin accumulation was strongly inhibited by syringaresinol ([Figs. 2](#fig2){ref-type="fig"}B, 2C), and the compound inhibited tyrosinase activity also ([Fig. 2](#fig2){ref-type="fig"}D). These results suggest that the antimelanogenic effects of the ginseng berry are mainly derived from its active component syringaresinol.Fig. 2Ginseng berry extract reduces melanogenesis by inhibiting tyrosinase activity, and this effect is mainly derived from its effective component, syringaresinol. (A) The amount of syringaresinol in ginseng root or ginseng berry extract. The mean value (ug/mL) is presented. The melanin levels were visualized after dissolving the cell pellets in 1N NaOH (B) and quantified (C). The tyrosinase activity was also measured (D). Ginseng root, ginseng berry extract, or syringaresinol were used to treat MNT1 cells for 48 h. Data are presented as mean ± standard deviation. \* *p* \< 0.05 by two-tailed Student *t* test.

3.2. Elevated nuclear translocation of FoxO3a by syringaresinol is a key mechanism of melanogenesis inhibition {#sec3.2}
--------------------------------------------------------------------------------------------------------------

Lignan compounds commonly occur in plants and represent a diverse spectrum of health-promoting effects, such as antioxidative, antitumorigenic, and antiviral properties [@bib30], [@bib31], [@bib32]. As several oxidation steps occur during the melanin synthesis process, we measured the antioxidant effects of syringaresinol by analyzing its DPPH radical and hydrogen peroxide scavenging activities. Although ginseng root and ginseng berry extracts showed reactive oxygen species (ROS) scavenging activities, syringaresinol exhibited a potent antioxidant activity ([Figs. 3](#fig3){ref-type="fig"}A, 3B). In our previous report [@bib17], we showed that the antimelanogenic activity of antioxidants is mediated by the activation of the longevity gene, FoxO3a, via its nuclear translocation. Based on our results, the antimelanogenic effect of antioxidants coordinated well with FoxO3a activation. FoxO3a activation is induced by its nuclear translocation; therefore, we performed immunofluorescence assays to analyze its localization. Increasing concentrations of each ginseng derivative (ginseng root extract, ginseng berry extract, and syringaresinol) induced the nuclear translocation of FoxO3a, showing a gradual enrichment of FoxO3a within the nucleus ([Figs. 4](#fig4){ref-type="fig"}A, 4B). The nuclear translocation rate of FoxO3a was well coordinated with the reduction in melanin levels ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}B). These results suggest that the antimelanogenic effects of the ginseng components were mediated principally by the activation of the antimelanogenic factor FoxO3a.Fig. 3Ginseng components have antioxidative activities. Ginseng root, ginseng berry, and syringaresinol have DPPH radical-scavenging activity (A) and H~2~O~2~ scavenging activity (B). Data are presented are the mean ± SD. \* *p* \< 0.05 by two-tailed Student *t* test.Fig. 4Ginseng root, ginseng berry, and syringaresinol induce the nuclear translocation of forkhead box-O3a (FoxO3a). (A) The indicated ginseng components were added to MNT1 cells for 48 h. The cells were stained with an antiFoxO3a antibody (FoxO3a; red) and 4′,6--diamidino--2--phenylindole (DAPI) (nucleus; blue). Representative images were obtained using a confocal laser scanning microscope (LSM7, Carl Zeiss, NY, USA) and merged. (B) Cells with FoxO3a localization were counted and depicted by the means of a confocal laser scanning microscope. Data are presented as mean ± standard deviation. Scale Bar = 100 μm. Ph, phase-contrast image.

3.3. The antiaging effects of ginseng berry in *C. elegans* and proliferating human fibroblasts {#sec3.3}
-----------------------------------------------------------------------------------------------

Despite the numerous biological activities reported for lignans [@bib30], [@bib31], [@bib32], [@bib33], [@bib34], there is surprisingly little reports on the antiaging effects of syringaresinol. We used the *C. elegans* wild-type N2 strain as a model organism of aging to examine the lifespan extension effects of ginseng berry extract and syringaresinol. Syringaresinol extended the N2 lifespan between 27.8% and 38.1% within a dose range of 250--500nM ([Figs. 5](#fig5){ref-type="fig"}A, 5B and [Table 1](#tbl1){ref-type="table"}). The effects of syringaresinol were compared with those of ginseng root extract (7.3% and 17.8% at 10--50 μg/mL) and ginseng berry extract (17.2% and 23.6% at 10--50 μg/mL). These differences also coordinated well with the FoxO3a nuclear localization rate ([Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}B). We hypothesized that the lifespan extension effect of the ginseng components may be derived from their longevity gene activation activities.Fig. 5Ginseng components have potent antiaging activity. Ginseng root, ginseng berry, and syringaresinol induce a life span extension in the *Caenorhabditis elegans* wild type N2 strain. The survival curves (A) and the mean life span (B) are presented. The data were analyzed via a Kaplan--Meier survival analysis. The mean adult life span of each condition is (mean ± standard deviation) as follows: N2 control, 16.2 ± 3.0 d; GR 10 μg/mL, 17.4 ± 3.3 d; GR 50 μg/mL, 19.1 ± 4.5 d; GB 10 μg/ml, 19.0 ± 4.1 d; GB 50 μg/mL, 20.1 ± 4.0 d; SYR 250nM, 20.8 ± 3.9 d; and SYR 500nM, 22.4 ± 4.1 d. \* *p* \< 0.05 by Peto\'s log--rank test. The data represent one experiment with two additional repeats. (C, D) Ginseng components decrease lipofuscin accumulation in passaged human dermal fibroblasts. Dermal fibroblasts from a 28-yr-old female and a 56-yr-old male were treated with 100--500nM of syringaresinol for 10 passages, and the accumulated age-related lipofuscin was measured (C) and visualized (D). The accumulated lipofuscin levels were detected using a confocal laser scanning microscope (Ex: 350 nm; Em: 420 nm). The fluorescence intensities of the cells were calculated densitometrically by measuring the average pixel intensity in each cell. The data are presented as the mean ± standard deviation of three independent experiments. \* *p* \< 0.05 by two-tailed Student *t* test. Em, Emission; Ex, Excitation; GB, ginseng berry extract; GR, ginseng root extract; SYR, syringaresinol.Table 1Ginseng components extends lifespan of *Caenorhabditis elegans*[1)](#tbl1fn1){ref-type="table-fn"}Strain/treatmentAdult lifespan (Mean ± SD)*N*% vs control strain*p* vs control strainMaximal adult lifespanControl16.2 ± 3.090----24GR 10 μg/mL17.4 ± 3.3877.30.237424GR 50 μg/mL19.1 ± 4.59017.80.082326GB 10 μg/mL19.0 ± 4.18817.20.001328GB 50 μg/mL20.1 ± 4.09223.68.9E--06--30SYR 250nM20.8 ± 3.99327.81.4E--0730SYR 500nM22.4 ± 4.19538.14.3E--0834[^1][^2]

Furthermore, we performed a lipofuscin assay using proliferating human dermal fibroblasts to assess the antiaging activity in skin cells. The pigment lipofuscin, which is detected in replicating cells, accumulates during the aging process [@bib35]. Lipofuscin accumulation is considered one of the well-known biomarkers of cellular senescence. A correlation between the rate of lipofuscin accumulation and the rate of aging in mammals has also been previously reported [@bib36]. Lipofuscin accumulates as the replicative age of human fibroblast strains increases [@bib37]. We used human dermal fibroblasts from adult skin to measure the antiaging effect of syringaresinol by detecting the lipofuscin accumulation level with increased passages. Striking differences were observed, with a marked decrease in lipofuscin fluorescence in passage-aged fibroblasts ([Figs. 5](#fig5){ref-type="fig"}C, 5D). A large number of lipofuscin aggregates were present in the control groups, and scarcely any aggregates were evident in the same fibroblast populations identified with nuclei and dendritic cells. Syringaresinol largely reduced lipofuscin accumulation by 53.8--73.4% of the control in the dose range of 100--500nM in the 28-yr-old female fibroblast-aged group and by 72.7--84.3% of the control in the 56-yr-old male fibroblast aged group ([Fig. 5](#fig5){ref-type="fig"}C). The representative images (500nM syringaresinol) displayed were compared with the control groups ([Fig. 5](#fig5){ref-type="fig"}D). These results suggest that the antiaging effects of ginseng berry extract are also relevant in the skin aging model. However, further studies need to be performed *in vivo* to confirm these effects.

4. Conclusion {#sec4}
=============

Ginseng berry extract and its natural phytochemical component syringaresinol showed antimelanogenic effects on a human melanoma cell line, extended the lifespan of the aging model organism *C. elegans*, and reduced the accumulation of the age-related pigment lipofuscin in human dermal fibroblasts. These effects may be due to potent antioxidant activity and the activation of the longevity gene *foxo3a*. These data suggest that the antipigmentation and antiaging activity of ginseng berry extract induced by the activation of the longevity gene FoxO3a may represent a good target for studying antimelanogenic signaling pathways using ginseng components and for designing pharmacological or antimelanogenic agents that regulate antiaging signaling.
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[^1]: GB, ginseng berry extract; GR, ginseng root extract; SYR, syringaresinol.

[^2]: Data obtained from Kaplan--Meier survival curves. *p* values calculated from log--rank test. Lifespan analysis was performed by three independent trials. The lifespan graphs can be found in [Fig. 5](#fig5){ref-type="fig"}A.
